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Background: No accepted approach exists for the intraoperative evaluation of the
quality of coronary arteries and the technical adequacy of graft anastomoses during
coronary artery bypass grafting without cardiopulmonary bypass.
Methods and Results: We assessed the accuracy of high-frequency epicardial
echocardiography and power Doppler imaging in evaluating coronary arteries dur-
ing coronary artery bypass grafting without cardiopulmonary bypass. To validate
measurements of coronary arteries and graft anastomoses by high-frequency epicar-
dial echocardiography and power Doppler imaging, we compared luminal diameters
determined by these methods with diameters determined histologically in a study of
off-pump coronary artery bypass grafting in 20 dogs. Technical errors were deliber-
ately created in 10 grafts (stenosis group). The results of these animal validation stud-
ies showed that the maximum luminal diameters of coronary arteries and graft
anastomoses measured by high-frequency epicardial echocardiography (HEE) and
power Doppler imaging (PDI) correlated well with the histologic measurements:
HEE = 1.027 × Histologic measurements + 0.005 (P < .0001); PDI = 0.886 ×
Histologic measurements + 0.0453 (P = .0001). Similar results were found in the
evaluation of the stenosis group: PDI = 0.991 × Histologic measurements + 0.074 (P
< .0001). Subsequently, we demonstrated the clinical applicability of this approach in
12 patients who underwent minimally invasive or off-pump coronary artery bypass
grafting. Twenty graft anastomoses were examined intraoperatively by high-
frequency epicardial echocardiography and power Doppler imaging, and luminal
diameters determined by power Doppler imaging were compared with those deter-
mined by postoperative coronary angiography. The results demonstrated that graft
anastomosis by power Doppler imaging correlated well with the angiographic mea-
surements: PDI = 1.018 × Angiographic measurements – 0.106 (P < .0001). 
Conclusion: High-frequency epicardial echocardiography can provide meaningful
information on the target coronary artery, and power Doppler imaging can accu-
rately measure graft anastomoses and can detect technical errors and inadequacies
during coronary artery bypass grafting without cardiopulmonary bypass.
The deleterious effects of cardiopulmonary bypass (CPB) make min-imally invasive direct coronary artery bypass grafting (MIDCAB)and off-pump coronary artery bypass grafting (OPCAB) appealingalternatives to the management of coronary artery disease.1-3However, performance of the graft-to-coronary anastomosis is defi-nitely more difficult in the MIDCAB or OPCAB procedures than in
conventional coronary artery bypass grafting (CABG) with CPB,4 so that intraop-
erative assessment of the quality of the anastomosis is even more important.
Unfortunately, no proven reliable technique for intraoperative assessment of the
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quality of anastomoses exists, except for angiography.
Although angiography is universally considered the “gold
standard” technique in the assessment of coronary artery
disease and graft patency, it can be invasive, costly, time
consuming, and not always readily available in the operat-
ing room.
High-frequency epicardial echocardiography (HEE) has
been used intraoperatively to assess the morphology and
geometry of the coronary arteries,5-7 and it can also locate
coronary arteries that are deeply embedded in epicardial fat
or myocardium or that are obscured by epicardial scarring.8
Power Doppler imaging (PDI), on the other hand, has been
reported to be a feasible method of intraoperative assess-
ment of graft patency. Ishikura and associates9 reported an
excellent correlation between the diameters of the coronary
arteries measured by PDI and quantitative coronary angiog-
raphy in patients who underwent conventional CABG (r =
0.964, P < .0001). However, previous studies were all con-
ducted during conventional CABG. Therefore, the purposes
of this study were (1) to validate the accuracy of HEE mea-
surements of native coronary artery in the beating heart in
an animal preparation, (2) to validate the accuracy of PDI in
assessing graft anastomoses during OPCAB and test the
ability of this method in detecting technical errors at graft
anastomoses in an animal preparation, and (3) to evaluate
patient CABG anastomoses intraoperatively by HEE and
PDI. To our knowledge, this is the first study to intraopera-
tively evaluate the quality of native coronary arteries and
graft anastomoses in MIDCAB or OPCAB by echocardio-
graphic imaging.
Materials and Methods
Echocardiographic Equipment
The imaging probe has a scanning frequency of 13 MHz. The
probe used for animal experiments is approximately 60 mm in
length and has a 52 × 10-mm contact surface; the probe used for
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clinical studies is 39 mm in length and has a 36 × 10-mm contact
surface, which makes it possible to evaluate posterior circumflex
or right coronary artery branches without hemodynamic compro-
mise (Figure l, A). The probe also has a depth of field of 2.0 cm
and a 2-point phantom resolution of 0.1 mm, and it can be steril-
ized by standard ethylene oxide techniques according to the direc-
tions for use. The imaging probe is covered with a sterilized pack
and sterilized jelly, which allows clear visualization of the anterior
wall of the vessels. It is connected to a commercially available
scanner for animal studies (LOGIQ 500; GE Yokokawa Systems
Ltd, Tokyo, Japan) and for patient studies (SSD-5500; Aloka Co,
Ltd, Tokyo, Japan). Real-time images are displayed on a television
monitor and recorded on a standard videocassette recorder.
Animal Study
Twenty mongrel dogs (15-21 kg) were randomly assigned to a con-
trol group (n = 10) or a stenosis group (n = 10). Anesthesia was
induced with nembutal (30 mg/kg intravenously) and maintained
with 2% isoflurane. Respiration was maintained on 100% oxygen
with a volume control respirator. The electrocardiogram was contin-
uously monitored throughout the procedure. Arterial blood gases
were determined every 30 minutes, and bicarbonate was added as
needed to maintain a physiologic pH between 7.35 and 7.45. Aortic
blood pressure was monitored with a 5F micromanometer-tipped
catheter (Millar Instruments, Inc, Houston, Tex) introduced through
the left femoral artery. After median sternotomy, the left internal
thoracic artery was dissected from its origin to its bifurcation and
wrapped with gauze soaked in papaverine solution (1 mL of
papaverine diluted in 10 mL of normal saline solution).
The pericardium was opened and the margins sutured to the edges
of the wound. The left anterior descending artery distal to the first
diagonal branch was selected for left internal thoracic artery grafting.
The anastomotic region was controlled proximally and distally with
3-0 Prolene snares (Ethicon, Inc, Somerville, NJ). Heparin (1 mg/kg)
was given intravenously before opening the site of the left anterior
descending artery selected. A cardiac stabilizer we modified to per-
mit HEE was used to mechanically stabilize the graft site (Figure l,
B). This stabilizer consists of two paddles with a malleable segment
comparable with that in other commercially available stabilizers, and
Figure l. A, The 13-MHz echocardiographic probe. This probe is 39 mm in length and has a 36 × 10-mm contact
surface. B, The stabilizer makes fixation of the echocardiographic probe possible.
A B
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the paddle is covered with short panels, which make fixing of the
echocardiographic probe possible. The anastomosis of the left inter-
nal thoracic artery to the left anterior descending artery was then
constructed “off-pump” by use of 7-0 continuous Prolene sutures.
After completion of the anastomosis, intensive stenosis in the steno-
sis group was created by placing one or two additional blind sutures
through the toe of the anastomosis (8-0 Prolene sutures) to reduce
the cross-sectional area, as described previously.10
Validation and Detection of Technical Errors
An experienced echocardiographer who was unaware of either the
presence or specific type of the technical error scanned the vessels
with the imaging probe in the short-axis (cross-sectional) and lon-
gitudinal sections, with particular attention to visualization of the
native coronary arteries at the maximum diameter. The images were
recorded on videotape, and the echocardiographic recordings were
measured later with a digitizing tablet. The graft anastomosis was
assessed by PDI, and descriptions of surgical technique and images
were then compared. After the recordings had been completed, each
heart was prepared for histologic examination. The heart was
removed, and the vessels were perfused with a barium, formalin,
and gelatin mixture at the same mean perfusion pressure that had
been recorded during the HEE and PDI evaluations. After the ves-
sels and grafts had been perfusion fixed, the entire heart was placed
in 10% formalin solution and fixed for at least 48 hours. After fixa-
tion, the graft-artery anastomosis was removed en bloc and embed-
ded in paraffin. The region was then sectioned and stained with
Verhoeff-van Gieson stain for histologic evaluation, as previously
described.5 Multiple sections were examined to ensure that the
maximum diameters of the native coronary arteries and graft anas-
tomosis were identified. The maximum luminal diameters of the
anastomoses determined by HEE or PDI and by histologic exami-
nation were then compared.
All animals received humane care in compliance with the
“Guide for the Care and Use of Laboratory Animals” prepared by
the Institute of Laboratory Animal Resources, National Research
Council, and published by the National Academy Press, revised
1996, and with the approval of the University of Tokyo
Institutional Animal Care and Use Committee.
Patient Study
The patient study was approved by the Human Subject Review
Committee of the University of Tokyo, and written informed con-
sent was obtained according to the institutional guidelines. 
Twenty bypass grafts in 12 consecutive patients undergoing an
elective MIDCAB (4 patients) or OPCAB operation (8 patients)
were studied. Two of the 12 patients underwent triple bypass, 4
had double bypass, and the other 6 received a single bypass graft.
The average age of the patients was 67.3 ± 7.2 years, and there
were 2 women and 10 men. One patient was having a reoperation.
The bypass material used was the left internal thoracic artery in 8
grafts, the saphenous vein in 9, the right gastroepiploic artery in 1,
and the radial artery in 2. Target vessels were the left anterior
descending artery in 11, the right coronary artery in 5, the left cir-
cumflex branch in 2, and the diagonal branch in 2 patients.
Standard anesthetic management and exposure of the heart
through a median sternotomy or a small left thoracotomy were
used in all patients. Radial artery pressure, left atrial pressure, and
the electrocardiogram were continuously monitored. The left inter-
nal thoracic artery was dissected from its origin to its bifurcation
and wrapped with gauze soaked in papaverine solution in the usual
fashion. If needed, saphenous veins, right gastroepiploic arteries,
or radial arteries were harvested. During OPCAB operations, 3
deep pericardial traction stitches were placed near the left upper
and lower pulmonary veins and to the left of the inferior vena cava,
thereby elevating the apex of the heart. With perfectly placed
stitches and aggressive traction, the apex of the heart should be ele-
vated to about 90°. To further assist in providing good exposure of
the target arteries on the lateral and inferior aspect of the hearts,
patients were placed in a gentle right decubitus Trendelenburg
position. Our stabilizer was used to stabilize the target arteries.
HEE was first applied to identification of native coronary arteries
with walls suitable for anastomosis. If calcification or atheroscle-
rotic plaques were present, the site of anastomosis was changed.
All distal anastomoses were constructed with 7-0 or 8-0 Prolene
suture by a continuous technique. The quality of the anastomoses
was assessed at the time of the operation in all cases in which PDI
was used.
Statistical Analysis
Statistical analysis was performed with the StatView (version 5) soft-
ware package (SAS Institute, Inc, Cary, NC). Linear regression
analysis was used to correlate paired data sets. Differences were con-
sidered significant when confidence limits exceeded 95% (P < .05).
Results
Animal Study
In the animal studies, maximum luminal diameter of the left
anterior descending artery measured by HEE was signifi-
cantly correlated with that measured histologically (HEE
measurements = 1.027 × Histologic measurements + 0.005;
P < .0001, n = 20) (Figure 2).
Figure 2. Comparison between the maximum luminal diameter of
the left anterior descending (LAD) artery measured by high-fre-
quency epicardial echocardiography (HEE) and that measured
histologically in the animal study.
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All 10 anastomoses in which deliberate technical errors
had been made were detected by the independent observer.
The morphologic features of the technical error agreed well
with the error predicted and recorded by the surgeon. Figure
3 shows representative PDI images in the stenosis group.
Comparisons of the maximum luminal diameter measure-
ments of the anastomosis by PDI with histologic measure-
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ments in the control group and stenosis group are shown in
Figures 4 and 5. Correlations between the 2 methods were
excellent (control group: PDI measurements = 0.886 ×
Histologic measurements + 0.0453; P = .0001, n = 10;
stenosis group: PDI measurements = 0.991 × Histologic
measurements + 0.074; P < .0001, n = 10).
Patient Study
Echocardiographic images of high quality were easily
obtained in patient studies by the approach described above.
In 3 patients, the site of anastomosis was changed because
of dense calcification. Deeply embedded coronary arteries
could be precisely located within about 1 minute, without
extensive and time-consuming dissection. Figure 6 shows
sample intraoperative images of native coronary arteries
obtained by HEE. Atherosclerotic plaques and calcifications
were detected in the native coronary arteries. Figure 7 shows
examples of graft anastomoses obtained by PDI. No abnor-
malities were noted in the anastomoses. In addition, the sep-
tal perforator branches were easily visualized by PDI.
The maximum luminal diameter measurements of graft
anastomosis determined by intraoperative PDI and postop-
erative coronary angiography are compared in Figure 8, and
an excellent correlation was found between the results
obtained by these 2 methods (PDI measurements = 1.018 ×
Angiographic measurements – 0.106; P < .0001, n = 20).
No complications related to epicardial imaging occurred,
such as injury to coronary vessels, compromise, infection,
or electrical or mechanical hazards.
Discussion
The use of MIDCAB and OPCAB has recently been increas-
ing because of increasing numbers of high-risk patients, their
Figure 3. Comparison between the maximum luminal diameter of
the left internal thoracic artery–left anterior descending artery
anastomosis measured by power Doppler imaging (PDI) and his-
tologically in the animal study.
Figure 5. Comparison between the maximum luminal diameter of
the left internal thoracic artery–left anterior descending artery
anastomosis measured by power Doppler imaging (PDI) and his-
tologically in the stenosis group in the animal study.
Figure 4. Power Doppler image showing a longitudinal section of
the left internal thoracic artery–left anterior descending artery
anastomosis in the stenosis group.
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quality equivalence to conventional CABG, and their cost
effectiveness.1-3 Although the introduction of cardiac stabiliz-
ers has significantly facilitated these procedures, the probabil-
ity of a technical error is greater than with conventional
CABG with the aid of the CPB machine and cardioplegic
arrest.4,11 Waller and Roberts12 suggested that the inadvertent
placement of grafts proximal to stenotic plaques may play a
role in graft occlusion. It is therefore important for surgeons
to find a reliable method of assessing anastomoses so that
MIDCAB or OPCAB will become more universally accepted.
Coronary angiography is generally considered the “gold
standard” to which all other methods should be compared.
However, it is invasive, costly, time consuming, and not
always readily available in the operating room.
Thermal coronary artery imaging with an infrared camera
was introduced by Falk and colleagues13 for conventional
CABG, but the quality of the available technology only
allows detection of a grossly stenosed anastomosis. Not only
does it not allow visualization of the posterior circumflex or
right coronary artery branches, but of intramyocardial arter-
ies and arteries surrounded by fat as well. Thermal coronary
imaging is only suitable when temperature gradients exist.
A variety of flow measurement techniques have fre-
quently been used for intraoperative assessment of the qual-
Figure 6. A, High-frequency epicardial echocardiographic image obtained in the patient study showing a longi-
tudinal section of left anterior descending artery (LAD). Arrows are pointing to atherosclerotic plaque. B, High-
frequency epicardial echocardiographic image obtained in the patient study showing a longitudinal section of
right coronary artery (RCA). Arrows are pointing to atherosclerotic plaque.
A B
Figure 7. A, Power Doppler image of the left internal thoracic artery (LITA) anastomosis to the left anterior
descending artery (LAD). B, Power Doppler image of a saphenous vein graft (SVG) anastomosed to the right coro-
nary artery (RCA).
A B
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ity of anastomoses.14,15 Because of the peculiar physiology
of the coronary circulation, flow through the coronary grafts
occurs during diastole with a short systolic peak. Flow
probes provide continuous flow tracings and mean flows
through the graft with a high degree of accuracy. Despite
being able to measure flow accurately, in their experimental
study, Jaber and associates10 documented that graft flow
was not reliably well correlated with anastomotic quality.
They also concluded that lesser degrees of stenosis at risk
for failure may go undetected, and patent grafts may inad-
vertently be redone.
Echocardiography has been used in an attempt to visual-
ize coronary arteries in closed-chest patients, and the use-
fulness of HEE in evaluating the luminal diameter, area,
and wall thicknesses of native coronary arteries has been
demonstrated.5-7 In addition to allowing assessment of mor-
phologic features, intraoperative HEE can locate coronary
arteries that are deeply embedded in epicardial fat or
myocardium or that are obscured by epicardial scarring,8
and the nature and precise location of atherosclerotic
plaques can be easily determined. Hiratzka and coworkers16
intraoperatively evaluated patients’ bypass graft anasto-
moses by HEE. They concluded that HEE could accurately
measure bypass graft anastomoses and had the potential to
intraoperatively detect technical errors and inadequacies.
Ishikura and coworkers9 demonstrated the efficiency of
PDI in visualizing coronary arteries in clinical settings.
Power Doppler ultrasonography, which is based on the total
integrated power of the Doppler spectrum, has several
advantages over conventional color Doppler echocardiogra-
phy: it is more sensitive to visualization of smaller vessels,
is angle-independent, and does not produce signal alias-
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ing.17,18 Arruda and colleagues19 applied PDI to visualiza-
tion of myocardial perfusion after anastomosis of the left
internal thoracic artery to the left anterior descending coro-
nary artery. They concluded that visualization of bypass
grafts was feasible in all patients and that PDI allowed rapid
and simple intraoperative assessment of graft patency.
Precise location of septal perforator branches is also possi-
ble. In the present study, PDI was very useful in choosing
the site to snare native coronary arteries to prevent back
flow from those branches during anastomosis.
We selected HEE to evaluate native coronary arteries and
PDI for graft anastomoses in our study. In a human autopsy
study, McPherson and colleagues5 demonstrated that coro-
nary artery wall thickness measurements correlated well with
HEE measurements (r = 0.86; HEE measurements = 0.65 ×
Histologic measurements + 0.24). They concluded that HEE
is an accurate and reproducible method of measuring coro-
nary luminal and wall geometry and a potentially useful tool
for in vivo coronary artery evaluation of patients. On the
other hand, PDI displays information on vessel perfusion, but
not on coronary luminal and wall geometry. Conversely, ves-
sel perfusion is more important for graft anastomosis than
information on coronary luminal and wall geometry. Besides,
switching from HEE to PDI is easy because both methods
can be performed with the same probe and imaging can be
switched in a few seconds. We therefore recommend com-
bined use of these methods (Table 1).
As mentioned earlier, previous studies were all conducted
during cardiac arrest with cardioplegia or minimized cardiac
motion during CPB, and cardiac motion has been a major
problem during intraoperative studies in MIDCAB or
OPCAB. It was thought that applying the imaging probe was
Figure 8. Comparison between the maximum luminal diameter of
the graft anastomosis measured by intraoperative power Doppler
imaging (PDI) and by postoperative angiography in the patient
study.
TABLE 1. Echocardiographic method for CABG
HEE PDI
Location
Coronary artery buried deeply in fat  
or myocardium
Coronary artery under epicardial scar  
Perforator  
Morphology
Atherosclerotic plaque  X
Wall thickness  X
Luminal diameter  
Calcification X X
Visualization
Graft anastomosis  
Myocardial perfusion X 
HEE, High-frequency epicardial echocardiography; PDI, power Doppler
imaging; , good; , fair; X, poor.
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difficult and that reproducible results would not be obtained
under such conditions. In this study, we developed a suitable
stabilizer that effectively immobilizes the local heart surface
by light compression and permits HEE. It was possible to
safely immobilize the coronary artery during MIDCAB or
OPCAB and to evaluate both the quality of the wall of the
native coronary arteries and the graft anastomoses.
Some studies have documented that the large size of the
hand-held imaging probe currently used does not permit
imaging of coronary arteries or bypass grafts to posterior
circumflex or right coronary artery branches without hemo-
dynamic compromise.8,20 Since the size of the probe we
used in the animal study was relatively large and did not
allow placement over those arteries, we recently developed
a new smaller probe and stabilizer that can be placed over
these arteries except on the deep left circumflex branch. The
probe costs about $12,000. In addition, this method is sim-
ple to use and highly accurate. Although we did not evalu-
ate the technical variance in the present study, a previous
study, in which the intraobserver and interobserver variabil-
ity were also examined, showed excellent reproducibility
for the measurement of HEE.21 Therefore, we believe that
this technique can be applied widely.
The time required to obtain and analyze an intraoperative
image is approximately 1 minute per anastomosis. Clinically
important findings such as the presence of a major graft
obstruction can be extracted from videotapes in the stop-
frame mode almost immediately. The time required for
echocardiographic examinations when revision of the anasto-
mosis is needed might be considered excessive. The potential
benefit of correcting an otherwise unsatisfactory anastomo-
sis, however, should outweigh the risk of the additional time.
Both HEE and PDI may have limitations in visualizing
calcified structures21 and soft plaque.22 However, vessel
walls with calcifications or plaques are not suitable for anas-
tomosis, and the anastomosis site was usually created on the
arteries without calcification or plaques. It therefore appears
that the limitations in visualizing calcified structures is not
a major problem for application of HEE and PDI during
MIDCAB or OPCAB.
Conclusions
In this study, we have shown that HEE can accurately mea-
sure the dimensions of native coronary arteries and that
technical abnormalities of graft anastomoses can be
detected with PDI in the presence of a beating heart. In addi-
tion, we have demonstrated that patient graft anastomoses
can be quickly evaluated intraoperatively with HEE and PDI
during MIDCAB or OPCAB.
We acknowledge the echocardiographic technical support of
Ryota Amagai, Tatsuya Maki, and Atsushi Koyama in the prepara-
tion of this manuscript.
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